Abstract. This paper presents tower-based measurements of methane (CH4) and nitrous oxide (N20) exchange between a boreal aspen stand and the atmosphere. Boreal ecosystems are a priority trace gas research area, and the work was conducted as part of the Boreal Ecosystem-Atmosphere Study (BOREAS). Methane and nitrous oxide fluxes were measured continuously between April 16 and September 16, 1994, in the Prince Albert National Park, Saskatchewan. The fluxes were determined using a high-resolution tunable diode laser Trace Gas Analysis System (TGAS) together with micrometeorological techniques. Both the CH 4 and the N20 fluxes were small and required long averaging times to be resolved. Over the full experiment, small emissions of both 
Introduction
This paper describes a 5-month investigation of methane (CH4) and nitrous oxide (N20) exchange above a boreal aspen forest. Methane and nitrous oxide play significant roles in both the atmospheric chemistry and the radiative budget of the atmosphere, even though they are present in only trace quantities (1.72 parts per million by volume (ppmv) and 0.31 ppmv, respectively [Prather et al., 1996] ). In particular, CH 4 and N20 are greenhouse gases which, respectively, comprise 20 and 8% of the enhanced radiative forcing of the atmosphere [Dlugokencky et al., 1995]. Methane and nitrous oxide also participate in reactions which affect stratospheric ozone [Blake and Rowland, 1988; Wayne, 1991] , although their overall influence is complex. In the case of N20 , Granli and BOckman [1994] speculate that a steadily increasing ambient N20 concentration may serve to reduce the total stratospheric ozone content, especially as chlorofluorocarbon emissions are reduced.
The global budgets of CH 4 and N20 are only poorly constrained, and several priority trace gas research areas have been specified [International Geosphere-Biosphere Program
Site Description
The CH 4 and N20 exchanges were measured above a 21-m aspen stand in the Prince Albert National Park, Saskatchewan (53037 ' N, 106012 ' W). Continuous measurements were made between April 16 and September 16, 1994. The site is located at the southern edge of the boreal forest, about 5 km north of the park boundary, and agriculture dominates the landscape to the south of the park. The above-canopy fetch extends several kilometers in most directions, and the site is relatively flat and was selected for its stand uniformity.
Fire swept through the area around 80 years ago, and the primary stratum now consists of trembling aspen (Populus tremuloides) with some balsam poplar (?opulus balsamifera) [Sellers et al., 1994] . The aspen canopy architecture features an open trunk space with the crown concentrated at the top 5-6 m of the trees. The maximum aspen leaf area index in 1994 was 2.4 [Chen et al., 1996] . There is a rich understory comprising 60% hazelnut (Corylus cornuta) and 15% wild rose (Rosa woodsii). The soil is classified as an Orthic Gray Aluvisol, featuring a well to moderately well drained loam to clay loam till and an organic layer depth less than 8 cm [Sellers et al., 1994] .
The 30-year annual temperature and precipitation normals from a nearby weather station at Waskesiu Lake Under stable atmospheric conditions the scalar diabatic correction function is given by [Hicks, 1976] period, and the eddy correlation measurement misses the mass flow contribution to the flux. That is, the eddy correlation flux will be underestimated, regardless of whether the net vertical wind speed is up or down, because the eddy correlation will miss the contribution of flux with "infinite" frequency. Lee and Black [1993] also believe that energy imbalance is associated with the possible nonzero value of the average vertical velocity measured at a single point.
A correction factor of 1.3 is introduced in (1) to compensate for the underestimate that we expect in our fluxes. Similarly, a correction factor of 1.35 gave excellent agreement among wind profile, eddy correlation, and energy balance measurements above an agricultural surface [Simpson et al., 1995] . We believe that by including the factor of 1.3 the fluxes will more closely approximate their true values.
Investigating Validity of Similarity Theory Above Forests
Eddy correlation and flux-gradient measurements are two popular micrometeorological techniques to measure surfaceatmosphere exchanges. Over forests the TGAS yields a higherresolution measurement using the flux-gradient approach than by eddy correlation (see section 5.3), and at BOREAS the small CH 4 and N20 fluxes were determined by using the fluxgradient approach.
We recall that the flux-gradient technique is based on similarity theory (section 5.1). However, just above forests canopies, researchers have measured scalar transport coefficients enhanced 130 to 340% above those predicted by similarity theory [Thom et al., 1975; Raupach, 1979 
The independent flux estimate is believed to be correct, and -¾ expresses the correction that should be applied to the similarity theory flux so that it agrees with the independent flux. It was necessary for us to determine new enhancement factors applicable to the CH 4 and N20 fluxes at BOREAS for two reasons. Firstly, the enhancement factors from the literature were determined by using CO2, H20, and temperature, i.e., scalars with in-canopy sources and sinks. However, the exchange of CH 4 and N20 in the boreal forest is believed to occur exclusively at ground level, and no literature enhancement factors were available for scalars with ground-level exchange surfaces. Se•condly, the experiment allowed us to apply the latest highresolution technology to similarity theory research. Therefore in support of our BOREAS research we conducted a second field campaign between June and November 1995 above a mixed deciduous forest at Camp Borden, Ontario. The research represented a fundamental assessment of the similarity theory that was used to determine the CH 4 and N20 fluxes in Saskatchewan. The Borden investigation is fully described by Simpson et al. [1997] , and a brief summary together with the key results are presented here.
A TGAS unit was modified for CO2 measurements, and CO2 fluxes based on Monin-Obukhov similarity theory were determined by using the flux-gradient approach. Carbon dioxide was selected, rather than CH 4 or N20 , since its larger fluxes are more easily resolved. A ground-level exchange surface was achieved by measuring the CO2 flux after the leaves had senesced. The laser-based TGAS fluxes were compared with CO2 fluxes determined by eddy correlation. The TGAS unit resolved the CO2 concentration difference to 300 parts per trillion by volume (pptv) in a half-hour sampling period. As a result, the CO2 gradient was measured with a much higher resolution than has been available in previous investigations of similarity theory.
The results of the Camp Borden investigation are encouraging: they suggest that similarity theory can be used to measure scalar exchange in the roughness sublayer above forests with a greater confidence than generally has been believed. Enhancement factors of 1.35-1.80 were determined for heights comparable to the BOREAS measurements and with a ground-level exchange surface. That is, although corrections for similarity theory breakdown are still necessary in the roughness sublayer above forests, they are less than the enhancement factors that generally have been reported. At this point we emphasize that unless otherwise stated, the fluxes presented in this paper do not include an enhancement factor. In addition, we stress that the similarity theory enhancement factor of 1.35-1.80 is unrelated to the empirical correction factor of 1.3 (section 4.1). 
Experiment

Tunable Diode Laser Trace Gas Analysis
Laser-based trace gas analysis is based on absorption spectroscopy, whereby each molecule is known to absorb radiation in a characteristic spectrum. Infrared lasers are commercially available and correspond to the vibrational energies of molecules [Howarth, 1973] . In the TGAS unit, a lead-salt laser is housed in a liquid nitrogen cooled dewar (Figure 1 ). The laser beam is sent through a single path, 1.5 m sample tube, and then is split into sample and reference gas cells, each housing a Peltier-cooled cadmium-mercury-telluride detector.
Air sampled from outside is pumped through the sample tube where it encounters the laser beam. The beam is virtually monochromatic, with a line width of the order of 10 -4 cm-1 (cm-• denotes wavenumbers, i.e., wavelengths per centimeter). Individual gas absorption lines are easily and unambiguously resolved at low pressure since they are about 2 orders of magnitude wider than the laser beam. A good absorption line is selected based on its strength and the absence of interference by other absorbing gases. The laser emission frequency is tunable, and the laser is modulated to scan back and forth across the entire absorption feature 500 times a second. The area under the absorption feature is integrated to determine the concentration of the trace gas within the air sample. Concentration readings are output at 10 Hz, and each reading is calibrated in real-time against a reference gas (CH 4 or N20 in this experiment) of known concentration.
Sampling Procedure
A suite of four concentration differences was measured between five levels both above and within the aspen canopy (Figure 2) . The concentration differences were determined in a 4-hour cycle, with emphasis on the above-canopy measurements ("A": z•: = 37.5 m; zz• = 26.8 m) which were used in (1) to determine the trace gas fluxes. Measurements at all levels were used to construct concentration profiles for both CH 4 and N20. The TGAS units operated 24 hours a day over The footprint varies with measurement height in addition to stability, and with decreasing height the footprint peak will approach the tower. Therefore we may think of the measurements at layers A, B, C, and D as representing footprints whose peak area of influence originates successively closer to the tower. Thus the concentration profiles are a helpful tool to investigate the direction of trace gas exchange from different footprints surrounding the aspen tower.
Methane and Nitrous Oxide Concentration Profiles
During the experiment the CH 4 and N20 TGAS units resolved the concentration differences to 100-400 ppt and 20 ppt, respectively, based on half-hour sampling periods. However, the measured concentration differences were very small, and a single profile was constructed for each of CH 4 and N20 over the full experiment. The profiles were prepared on the basis of assumed concentrations at the highest level (37.5 m): respective CH 4 and N20 concentrations of 1715 and 310 ppb were prescribed for the 37.5 height. The mean concentration differences measured for layers A, B, C, and D were then successively added to the imposed concentration at 37.5 m to generate the profiles. The concentration differences were calculated as (upper level concentration measurement) -(lower level concentration measurement). Therefore a positive concentration difference represents trace gas uptake, and a negative concentration difference indicates trace gas emission. Negative N20 concentration differences were recorded at each layer A, B, C, and D (Figure 3 
Discussion
Factors Controlling Nitrous Oxide Exchange
Nitrous oxide is produced during nitrification and denitrification by soil bacteria. Nitrification is thought to be the major source of N20 in aerobic soils [Bremner and Blacknet, 1978; Sahrawat and Keeney, 1986 ], and high rates of nitrification are generally associated with strongly aerobic conditions [Focht and Verstraete, 1977] . Denitrification activity is generally associated with anaerobic soil conditions [Groffman, 1991] .
The main controllers of N20 production include ( Although it would appear that the low N20 emissions are linked with low NO• levels, it must be emphasized that the relationship between NOS-levels and N20 production is complex (E. Beauchamp, personal communication, 1996). Indeed, a relationship between NO• pool size and N20 emissions is difficult to establish since N20 is produced both during the nitrification that produces NO • The 1 '2 values suggest that the fluxes agree better with a time lag corresponding to the 100 cm depth. At this point we pause to emphasize that the soil temperature was measured at the base of the tower, where the soil was drier than the surrounding valleys. Therefore we expect the time lags for the deeper, drier soil close to the tower to be similar to lags for more shallow but wetter soil within the N20 flux footprint.
Factors Controlling Methane Exchange
Methane is produced during the microbial decomposition of organic matter [Mah et al., 1977; Cicerone and Oreroland, 1988] . The bacteria involved are strict anaerobes and require reducing environments [Tyler, 1991] We recall that whereas CH 4 emission was recorded from both the A and the B layer footprints, the measurements at layers C and D indicated a net uptake of CH 4 (Figure 4) . Again, since the tower was located on top of a gentle hill, the soil near the base of the tower is expected to be drier than in the neighboring valleys. That is, the C and D layer footprints appear to coincide with the drier soil immediately surrounding the tower. However, with increasing distance from the tower, wet patches were spotted throughout the field season: although the aereal map indicates wet areas to the north, southeast, and southwest of the tower within a 2-km radius, smaller wet patches beyond the resolution of the map were found within a few hundred meters of the tower, even in August following several weeks with little rain. Therefore CH4-producing areas appear to coexist with areas of CH 4 consumption at the aspen site.
On the whole, it appears that there were sufficient CH 4-producing wet areas in the A and B layer footprints to overwhelm uptake from drier areas and produce a net emission of CH 4 from these larger footprints throughout most of the experiment. Similarly, in a BOREAS study on the controls of CH 4 emissions along moisture gradients in the Canadian boreal zone, Moosari and Crill [1996] emphasized the importance of hot-spot CH 4 sources contained within wetlands against a background of small upland CH 4 sinks.
Further, it appears that the seasonal warming of the wet areas favored an enhanced production of CH 4 and gave rise to the peak emission of CH 4 measured in the late summer. In addition, soil drying in other areas also may have contributed to the emission maximum. Arebus and Christensen [1995] report maximum rates of both CH 4 uptake and emission from grassland sites as the soils dried, presumably as diffusion was 
Comparison With Other Ecosystems
The fluxes of CH 4 and N20 measured at the aspen site are summarized together with CH 4 exchange measurements from other BOREAS sites in 1994 (Table 2 ; it is noted that no other groups in BOREAS which we are aware of reported N20 fluxes). For comparison, CH 4 and N20 measurements from two other forest ecosystems also have been included.
The net emission of CH 4 measured at the aspen site in the southern study area (SSA) contrasts strikingly with uptake reported at both aspen and jack pine sites in the northern study area (NSA) ( Table 2) . While factors including ecosystem and climatic differences are expected to affect the direction and magnitude of the CH 4 fluxes, measurement technique is another possible contributing factor. The NSA jack pine and aspen measurements featured chambers, whereas the SSA aspen fluxes reported in this paper used integrative micrometeorological techniques. We recall that the CH 4 concentration profile indicated a net uptake of CH 4 from footprints close to the SSA aspen tower (Figure 4) . Had the micrometeorological measurements at the SSA aspen site been replaced by chambers placed close to the tower base, it is likely that a net uptake of CH 4 would also have been reported at this site. The profile results emphasize an awareness of spatial source and sink heterogeneity when comparing chamber and micrometeorological results and when extrapolating measurements over larger scales.
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